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[57] ABSTRACT 

A strain gauge exhibits temperature oifset errors and span 
errors which vary from device to device and vary as a 
function of temperature. A digitally-compensated strain 
gauge apparatus executes embedded calibration and com 
pensation programs for improving accuracy over a wide 
temperature range. Pressure measurement error bands are 
reduced to approximately to 0.03% of full scale for a 5 psi 
device over a 0° C. to 50° C. temperature range. A calibra 
tion program de?nes parameters for compensating for such 
errors. During ?eld operation, a compensation program uses 
the calibration parameters to generate a more accurate 
pressure measurement. According to the compensation 
scheme, current normalized voltage and bridge impedance 
are derived from the raw data. A ?rst-pass temperature 
estimate then is derived from the result. The derived ?rst 
pass temperature estimate is plugged into a temperature 
offset error function to ?nd the temperature oifset error at the 
estimated temperature. Such offset error is used to adjust the 
current normalized voltage. A ?rst-pass pressure estimate is 
derived from the adjusted current-normalized voltage, then 
used to correct the bridge impedance. The corrected bridge 
impedance leads to a corrected temperature estimate, a 
corrected current normalized voltage and a corrected pres 
sure. The corrected pressure is the compensated pressure 
measurement. 

11 Claims, 6 Drawing Sheets 
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DIGITALLY-TEMPERATURE-COMPENSATED 
STRAIN-GAUGE PRESSURE IVIEASURING 

APPARATUS 

CROSS REFERENCE TO RELATED PATENTS 

This invention is related to commonly-assigned US. Pat. 
No. 5,033,297 issued Jul. 23, 1991 for a SUBMERSIBLE 
SENSOR. The content of that patent is incorporated herein 
by reference and made a part hereof. 

NOTICE REGARDING COPYRIGHTED 
MATERIAL 

A portion of the disclosure of this patent document 
contains material which is subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document or the patent 
disclosure as it appears in the public Patent and Trademark 
O?ice ?le or records, but otherwise reserves all copyright 
rights whatsoever. 

BACKGROUND OF THE INVENTION 

This invention relates to an error-compensated pressure 
measuring apparatus, and more particularly to an apparatus 
increasing the accuracy of a strain-gauge pressure transducer 
by digitally compensating for temperature-induced and 
device-speci?c errors. 

A conventional silicon strain gauge pressure transducer 
includes a thin silicon diaphragm with four implanted resis 
tors. Pressure variations on the diaphragm strain the resistors 
causing their respective resistance values to change. The 
resistors are interconnected in a bridge con?guration having 
input and output connections. When pressure is applied to 
the diaphragm, the bridge structure exhibits compression at 
a ?rst two resistors and tension at the second two resistors. 
The compressed resistors have a decreased resistance, while 
the tensed resistors have an increased resistance. Variations 
in resistance cause variations in bridge signal characteristics. 

In operation, an excitation current is applied to the bridge 
(diaphragm) via two input connectors. An output signal is 
measured at two output connectors. The output signal typi 
cally is in the rnillivolt range. Changes in resistance caused 
by changes in pressure vary the output signal. In an ideal 
pressure transducer, the individual resistances would change 
only in response to variations in pressure. However, tem 
perature variations also alter the resistance values. Other 
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sources of error also may effect the resistance values. In the ‘ 
past, one solution has been to avoid or readily compensate 
for temperature induced error by limiting a strain gauge’s 
operational temperature range to a narrow ?eld. Many 
applications, however, require operation over a wide tem 
perature range. 

Passive compensation schemes provide one solution for 
compensating for temperature in a strain gauge over a wide 
temperature range. According to alternate passive compen 
sation schemes, either a constant voltage or a constant 
current excitation signal is applied to the bridge. For a 
constant current excitation signal, sensors are supplied with 
a compensation card including several thermally stable 
resistors. Resistance values are determined from test data. 
For a constant voltage excitation signal, a thermally stable, 
precision resistor is coupled in series to the bridge. Actual 
excitation current is then derived by measuring the voltage 
drop across the precision resistor. The passive compensation 
schemes partially corrects for temperature-induced oifset 
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errors. Using these passive compensation schemes reduces 
error bands to as low as l% of full scale pressure (i.e., 1% 
PS0) over a 0° C. to 50° C. range. However, such accuracy 
still is unacceptable for many pressure measurement appli 
cations. 

For applications requiring error bands less than 1% PS0, 
other sensor technologies have been used. For example, 
mercury manometers provide pressure reading error bands 
down to 011% PS0 over an operating temperature range of 
0° C. to 50° C. Different applications require different 
accuracies. One typical application of a‘pressure sensor is 
measurement of water depth. When measuring water depth 
in a well, the temperature is generally stable (e.g., varies by 
less than +/— 5° C. over the course of a year). The less 
accurate, less expensive conventional strain gauge is su?i 
ciently accurate for such measurement. For example, the 
strain gauge can be calibrated with a zero o?‘set to get 
su?icient measurement accuracies. When measuring water 
depth in a stream, river, lake or ocean body, however, the 
temperature usually varies signi?cantly with changes in 
depth and over the course of a year for the interested depth 
range. As a result, the typical strain gauge cannot meet 
accuracy requirements. In such applications, the mercury 
manometer has been commonly used. Mercury in the water 
ways, however, has led to regulations limiting many sources 
of mercury contamination. These regulations are limiting the 
use of mercury manometers. Accordingly, there is a need for 
an environmentally safe technology which can provide 
accurate pressure measurements over a wide operating tem 
perature range. 

SUMMARY OF THE INVENTION 

According to the invention, a digitally-compensated 
strain-gauge pressure measuring apparatus implements a 
calibration and compensation method for improving the 
accuracy of a strain gauge pressure sensor over a wide 
temperature range. Pressure measurement error bands are 
reduced to approximately to 0.03% of full scale for a 5 psi 
device over a 0° C. to 50° C. temperature range. This is a 
signi?cant improvement over the typical 1% error bands 
achieved using a conventional passive compensation 
scheme alone. 

It is known that a strain gauge is subject to temperature 
offset error and span error. It also is known that these error 
functions are non-linear and di?’er slightly from one device 
to the next. Passive compensation schemes partially com 
pensate for temperature e?ects, but do not eliminate non 
linear variations or differences occurring from one device to 
the next. According to the apparatus of this invention, such 
non-linear variations and device-speci?c contributions are 
substantially reduced to signi?cantly increase strain gauge 
accuracy. 

According to one aspect of the invention, errors in strain 
gauge pressure transducer response are compensated by 
calibrating the transducer before use in the ?eld (i.e., in the 
factory; in the shop). During calibration, sample measure 
ments are taken at known pressures and known tempera 
tures. A temperature offset error function and a span error 
function speci?c to the calibrated transducer are derived. 
Temperature offset error is de?ned as a second order func 
tion of temperature. Parameters for the temperature offset 
error fimction are determined by a least squares ?t of data for 
each known temperature, known pressure measurement 
sample. Span error also is de?ned as a second order function 
of temperature. Parameters for the span error function also 
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are determined by a least squares ?t of data for each known 
temperature, known pressure-span measurement sample. 
Performing a calibration for each transducer substantially 
eliminates device to device variation in performance and 
accuracy. Variations due to differences in material or per 
formance are accounted for by variations in the derived 
calibration parameters. 

According to another aspect of the invention, calibration 
parameters for making a ?rst-pass estimate of pressure also 
are de?ned during calibration. The estimated pressure is 
de?ned as a ?rst order function of the transducer’s current 
normalized voltage. Data samples taken at zero-scale pres 
sure and full-scale pressure are used to determine a multi 
plier parameter and an offset parameter. 

According to another aspect of the invention, calibration 
parameters for deriving a corrected temperature and param 
eters for deriving a corrected pressure also are de?ned 
during calibration. 

According to another aspect of this invention, a data 
logger executes a calibration program which de?nes the 
calibration parameters based upon a collection of data 
samples taken under known temperature and pressure con 
ditions. The calibration parameters are downloaded to a 
processor which executes a compensation program. Such 
parameters are stored in memory and retrieved during pro 
cessing of ?eld data. 

According to another aspect of the invention, the com 
pensation program processes a ?eld data sample of trans 
ducer output voltage and normalizing resistor voltage to 
generate a compensated pressure measurement. Current 
normalized voltage and bridge impedance are derived from 
the voltage readings. A ?rst-pass temperature estimate then 
is derived from the bridge impedance by comparing the 
calculated bridge impedance to the mid-range temperature 
bridge impedance found during calibration. The bridge 
impedance difference is taken as being proportional to the 
temperature difference from mid-range temperature. 
The ?rst-pass temperature estimate is plugged into the 

temperature offset error function to determine a temperature 
oifset error at the estimated temperature. Such o?'set error is 
used to adjust the current normalized voltage. A ?rst-pass 
pressure estimate then is derived from the adjusted current 
normalized voltage. The ?rst-pass pressure estimate is used 
to re?ne the bridge impedance and derive a corrected bridge 
impedance. The corrected bridge impedance, in turn, is used 
to correct the temperature estimate. The corrected tempera 
ture is used to derive a corrected current normalized voltage, 
which in turn, is used to derive a corrected pressure estimate. 
The corrected pressure estimate is the compensated pressure I 
measurement of the pressure measuring apparatus. 
According to one embodiment of this invention, a pres 

sure sensor includes a transducer and is connected to a data 
logger via a normalizing resistor. The logger includes a 
processor which executes the compensation program. Dur 
ing ?eld operation, the logger captures transducer output 
voltage and normalizing resistor voltage to derive a com 
pensated pressure measurement for storage, display or print 
out. 

According to an alternative embodiment of this invention, 
a pres sure sensor includes a processor, a pressure transducer 
and a normalizing resistor. The sensor’s processor executes 
the compensation program accessing calibration parameters 
derived during calibration. During ?eld operation, the sensor 
outputs a compensated pressure measurement to a data 
logger for storage, display or printout. 
One advantage of the invention is that a relatively inex 
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4 
pensive strain gauge can be adapted to substantially reduce 
its error band from approximately 1% to approximately 
0.03% full-scale o?set error. The increased accuracy enables 
strain gauge technology to be used in many high-accuracy 
applications previously served by more expensive technolo 
gies. Another advantage is that a temperature measurement 
is obtained from the bridge structure without the need of 
additional temperature sensors, additional signal condition 
ing or additional calibration. The invention and its advan 
tages will be better understood by reference to the following _ 
detailed description taken in conjunction with the accom 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a pressure sensor, a data 
logger and a controlled environment source; 

FIG. 2 is a ?ow chart of the pressure measurement 
process; 

FIG. 3 is a block diagram of a pressure measuring 
embodiment of this invention in a ?eld environment; 

FIG. 4 is a sectional view of the pressure sensor of FIGS. 
1 and 3; 

FIG. 5 is a partially exploded view of a data logger typical 
of the data loggers shown in FIGS. 1 and 3; 

FIG. 6 is a partial electrical-schematic diagram of the 
pressure measuring apparatus of FIG. 3; 

FIG. 7 is a ?ow chart of the calibration program; 

FIG. 8 is a ?ow chart of the compensation program; 
FIG. 9 is a partial electrical-schematic diagram of an 

alternative embodiment of the pressure measuring apparatus 
of this invention; and 

FIG. 10 is a ?ow chart of the pressure measuring process 
as implemented for the alternative embodiment of FIG. 9. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

Overview 

FIG. 1 shows a block diagram of a pressure measuring 
apparatus, including a pressure sensor 10 coupled to a data 
logger 12. The pressure sensor 10 includes a strain gauge 
pressure transducer. The transducer includes a piezoresistive 
diaphragm. The diaphragm includes four resistor elements 
connected in a bridge con?guration. The bridge receives an 
electrical excitation signal and generates in response an 
electrical output signal. Each of four resistive arms vary in 
resistance generating an output signal which is proportional 
to pressure. The excitation signal is substantially constant so 
that variations in the output signal result from changes in 
bridge impedance. Ideally, each side of the bridge experi 
ences an equal and opposite change in resistance keeping 
bridge resistance constant over pressure. Slight imbalances, 
however, lead to a small change (i.e., span error) in bridge 
resistance change with pressure. In addition, changes in 
temperature cause changes in bridge impedance. Thus, the 
transducer response varies (i) with temperature and (ii) over 
the span of the sensor. 

The bridge output signal is compensated for temperature 
and span related errors so as to provide an accurate repre 
sentation of pressure. Such compensation is derived for each 
speci?c transducer. More speci?cally, parameters used dur 
ing compensation are de?ned for each speci?c transducer. 
As each transducer may have slight variations in material 
and performance response, custom parameters avoid device 
to device error sources. 
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There are many applications for pressure measurement 
methods, including water management, oceanography, envi 
ronmental control, liquid level, air conditioning, medical, 
process control, refrigeration, food processing, ?uid power 
and agricultural spraying. The strain gauge pressure trans 
ducer has commonly been used for applications requiring 
relatively low accuracy at a ?xed temperature or a narrow 
temperature range. At a ?xed or narrow temperature range, 
temperature o?'set error is represented as a constant. A 
simple offset adjustment precedes measurement. As the 
offset error varies with temperature, however, the constant is 
an inadequate adjustment for taking measurements over a 
wide temperature range. Large temperature variations also 
produce a slight variation (i.e., span error). Using passive 
compensation schemes, error bands only as low as 1% of full 
scale (FSO) have been achieved for a temperature range of 
0° C. to 50° C. Such accuracy has been su?icient for its 
typical application-measuring well depth. Improved accu 
racy is needed for other applications, including applications 
for measuring water depth in streams, rivers, lakes and 
ocean bodies. According to this invention a dynamic com 
pensation scheme is applied which reduces a strain gauge’s 
error band to as low as 0.03% of full scale over the same 
temperature range. Errors which occur across changes in 
temperature, pressure and device are calibrated and com 
pensated to achieve increased accuracy. Accordingly, an 
improved pressure measuring apparatus is achieved. 
An overview of the measurement process is shown in 

FIG. 2. At step 20 the pressure sensor 10 is calibrated, 
resulting in calibration data, including a set of calibration 
parameters. At step 22 the calibration data is loaded into the 
pressure measuring apparatus 14. (See FIG. 3). At step 24 
?eld data is captured by pressure sensor 10. At step 26 the 
?eld data is error-compensated to yield a pressure measure 
ment having increased accuracy. 

During the calibration process (step 20), sensor 10 is 
placed in a controlled environment C. In one embodiment, 
the controlled environment C is formed using an environ 
mental chamber. A user is able to set the temperature and 
pressure of the chamber to known values. Sample pressure 
measurements are collected by data logger 12 through 
sensor 10 at several known environmental pressures and 
temperatures. For example, sample pressure measurements 
are collected at several known environmental pressures, 
while holding the environmental temperature constant. The 
temperature is then varied and additional samples are col 
lected at the known pressures. The sampling procedure then 
is repeated for several known temperatures. 
The sample pressure measurements, along with the 

known pressure values and known temperature values, are 
used to derive calibration parameters speci?c to the sensor 
10. As individual sensor 10 specimens have slightly different 
material characteristics and performance responses, such 
calibration data is speci?c to the individual sensor 10 
specimen calibrated. Each sensor specimen is calibrated 
before shipment and ?eld use. Performance may vary 
slightly over time, so the sensor 10 subsequently may be 
re-calibrated (e.g., once every 1-5 years). 

Compensation is performed by digitally processing the 
sensor response signal to derive a compensated pressure 
measurement. Such processing is implemented digitally as a 
computer program (referred to as a “compensation pro 
gram”) executed by a processor. In one embodiment, the 
compensation program is embedded in program memory of 
a ?eld data logger 16. In another embodiment the compen 
sation program is embedded in program memory of a 
pressure sensor 10‘ (See FIG. 9). The sensor 10‘ includes a 
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6 
microprocessor for executing the stored compensation pro 
gram. The structure of such sensor 10‘ is described in more 
detail below in the section titled “Altemate Embodiments.” 
In either embodiment, the calibration parameters are loaded 
(step 22) into the appropriate processor’s memory for use 
during execution of the compensation program. 
When taking ?eld measurements, the pressure sensor 10 

is connected to the ?eld data logger 16 as shown in FIG. 3. 
The sensor 10 then is placed into a ?eld environment E (i.e., 
stream, river, lake, ocean). Pressure samples then are taken 

- by the sensor 10. Each sample is compensated to achieve a 
compensated pressure measurement. 

Pressure Transducer 
FIG. 4 shows a sectional view of a pressure sensor 10 used 

in a pressure measurement apparatus embodiment 14 of this 
invention. The sensor 10 is a submersible sensor described 
in commonly-assigned issued US. Pat. No. 5,033,297, the 
entire contents of which are incorporated herein by refer 
ence. The sensor 10 includes a pressure transducer 30 
coupled to circuit boards 32 and 34 within a central chamber 
36 of cylindrical body 38. The transducer 30 includes a 
silicon piezoresistive diaphragm 40 responsive to changes in 
pressure. The central chamber is sealed with an end plug 42 
at one end and an end cone assembly 44 at the other end. An 
excitation input signal is fed to the diaphragm 40 via input 
conductor wires 46, 48 and circuit boards 32 and 34. An 
output response signal is returned from the diaphragm 40 
through circuit boards 32, 34 to output conductor wires 50, 
52. During operation, the input and output wires 46-52 are 
coupled to a data logger 16 (FIG. 3) via cable 54. 

In one embodiment the sensor 10 receives a constant 
voltage excitation signal from data logger 12/16. In response 
a millivolt output signal is generated. The output signal, V0, 
is normalized to the excitation current, I, of the input signal 
using a precision resistor coupled in series to the sensor’s 
bridge structure. 

Data Logger 
FIG. 5 shows a partially exploded view of data logger 

12/16. The logger 12/16 includes internal electronics 70 
mounted on a base board 72. A wiring panel 74 is connected 
to the internal electronics 70 and base board 72 with panel 
bracket 76. Logger 16 is a programmable controller which 
may be linked to a computer terminal and keyboard. The 
logger 16 includes a microprocessor and storage memory. 
Programming is performed through the terminal and key 
board and stored in logger memory. 
The wiring panel 74 includes a 9-pin serial I/O port 75 for 

communicating with a computer terminal. Many wiring 
connectors 76 also are provided. Connectors 76 receive 
conductors for de?ning analog input signals, excitation 
signals, and various control and status signals. Conductors 
46-52 (FIG. 4) of the sensor 10 are coupled to the wiring 
panel 74 via cable 54 at connectors 76. In one embodiment 
data loggers 12 and 16 are CR10 Measurement and Control 
Modules manufactured by Campbell Scienti?c, Inc. of 
Logan, Utah. In another embodiment, the data logger 12 
and/or 16 is implemented in a general purpose microcom 
puter. 
A calibration program is loaded into the memory of the 

logger 12, then executed to calibrate sensor 10. A compen 
sation program is loaded into the memory of logger 16, then 
executed during ?eld operation of sensor 10. Collected ?eld 
data samples are stored in logger 16 and subsequently output 
to a printer or computer tenninal for viewing, permanent 
storage and/or further analysis. 

According to one embodiment, the data logger 12 gener 
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ates a constant-voltage excitation signal which is output to 
the sensor. A precision resistor, RS, is placed in series with 
the sensor. The excitation signal is applied through the series 
resistor to one input channel of the sensor 10. Through 
wiring panel 74, the logger measures the bridge output 
voltage,VO, and the voltage drop,VR, across the series resis 
tor. The output signal is then normalized to the current of the 
constant voltage excitation signal to provide the current 
nonnalized voltage signal, L=VO/I=V0R/VR. 

Electrical Diagram 
FIG. 6 is an electrical diagram of the pressure sensing 

structure 80 formed by sensor 10 and logger 12/16. The 
structure includes a dc source 82, resistor Rs, and a resistor 
bridge 84. The dc source is part of logger 12/16 and 
generates a dc supply voltage V S. Resistor Rs is connected 
to the logger wiring panel 74 in series between the source 82 
and one connection 46 of the bridge 84. A typical value for 
R5 is 100 Q. The bridge 84 is formed on the diaphragm 40 
of pressure transducer 30, and includes four resistors R1, R2, 
R3 and R4. These resistors are fabricated on the silicon 
diaphragm 40 (FIG. 4) using a 5 K9 process. Thus, the 
nominal unstrained value of each resistor is 5000 Q at 25° 
C. The temperature coe?icient of resistance (TCR) of each 
resistor is nominally 0.25%/°C. Several other resistors (not 
shown) are added via a conventional compensation card to 
obtain the 1% PS0 typical performance for an embodiment 
using a constant excitation current. Without the compensa 
tion card the nominal bridge resistance is 5000 $2. With the 
compensation card the nominal bridge resistance is approxi 
mately 4000 Q. 
The input excitation signal is received at connections 46, 

48. The bridge 84’s output response signal occurs across 
connections 50, 52 as voltage signal V0. V0 is output to a 
controller 86 at data logger 16 and corrected to derive a 
compensated pressure signal. 

Calibration of Pressure Transducer 
While the input excitation signal to the pressure sensor 10 

is constant, the output signal varies as a function of pressure. 
If the output signal varied only as a function of pressure, the 
result would be the ideal pressure transducer yielding 0% 
error. In practice, however, the piezoresistive response of the 
diaphragm 40 also varies with temperature and span, yield 
ing a temperature offset error, Bel, and a span error, one. Thus, 
the pressure represented by the transducer output voltage is 
characterized as: 

In addition, the values of oz and [3 vary at room tempera 
ture from diaphragm to diaphragm. To complicate things, 0t 
and [5 are functions of temperature and such functions 
typically vary from device to device based on slight material 
and fabrication differences. According to this invention, 
temperature is derived from the voltage measurements and 
compensation functions are implemented to increase mea 
surement accuracy. To do so, each sensor is calibrated. In 
particular, calibration parameters are de?ned for various 
functions, including temperature offset error, span error, 
impedance variation, and corrected pressure. Calibration of 
a pressure sensor 10 occurs (at step 20——See FIGS. 1 and 2) 
in a controlled environment C. A ?ow chart of the calibration 
program 90 is shown in FIG. 7. With the sensor placed in 
environment C, voltage samples are recorded at several 
known temperatures and known pressures. At steps 92 and 
94 cases are de?ned for taking measurements at different 
temperatures and pressures. Temperature cases include mid 
range, and several intervals from zero-scale to full scale 
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8 
operating temperature. Pressure is varied for each case to 
take samples at zero scale (Pm,-,,) and full scale, Pmax, 
although different and/or additional known pressures may be 
used. For 5 psi pressure sensor operating over a range of 0° 
C. to 50° C., voltage samples are recorded for known 
pressures of 0 psi and 5 psi for various temperatures within 
the temperature range. For example, at step 96, V0 and VR 
samples are recorded for known pressure P equal to 0 psi and 
5 psi at each of known temperatures T equal to 25° C., 0° C., 
10° C., 20° C., 25° C., 30° C., 40° C., 50° C., then 25° C. 
Thus, there are multiple samples VO(T,P) and V R(T,P). Based 
upon the following relationships, current normalized volt 
age, L, and bridge impedance ZB are calculated at steps 98, 
100 for each temperature and pressure: 

(I) 

(II) 

where 
T=known temperature; 
P=known pressure; 

Vo=measured output voltage; 
Vfmeasured voltage across resistor RS; and 
R=resistance of Rs. 
Calibration parameters are then de?ned for (a) tempera 

ture offset error (step 102), (b) normalized voltage multiplier 
and offset (step 104), (c) impedance variation, (steps 106, 
108), (d) span error (step 110), and (e) corrected pressure 
(step 112). 
TEMPERATURE OFFSET ERROR PARAMETERS (Step 
102): 
A temperature o?'set error function is de?ned as: 

B:l(T):b2TZ+b1T+b0 (m) 

where b,- are temperature offset error calibration parameters. 
To derive the parameters, bi, temperature offset, Bel, is 
derived at each test temperature as a shift from the Be, at 
T=25° C. 

L(T, Pan-Les" 0.1mm) (W) 

Temperature offset errors at each T then is derived as 
Bel(T)=Be,(25° C.)+[5e, shift (T). The derived temperature 
offset errors and known temperatures then are used to de?ne 
the parameters b,- of equation 111. Such parameters are 
de?ned according to a least squares ?t of the data. 
NORMALIZED VOLTAGE MULTIPLIER AND OFFSET 
PARAMETERS (Step 104): I 

Normalized voltage multiplier and offset parameters are 
used to generate a ?rst pass pressure estimate, pe. Such 
estimate is used in the compensation scheme during ?eld 
operation. Estimated pressure is the pressure de?ned as a 
function of the current normalized voltage, L, as follows: 

Bel Shift (T) =100 * 

pe=mL+b (v) 

where 

m=normalized~voltage multiplier (PSI/Q); 
L=current normalized voltage; and 
b=pressure offset. 

Parameters m and b are derived during calibration using the 
zero-scale and full-scale pressure data samples at the mid 
range temperature, 25° C. 
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and 

b='m R (VOmin/VIbnin) (V11) 

where 

Pmax=full scale pressure; 
Pmi,,=zero scale pressure; 
R=resistance of RS; 
V0mx=output voltage at PM; 
VOmin=Output voltage at Pmin; 
VRmax=voltage across RS at Pm; and 
VRmm=voltage across RS at Pmin. 

IMPEDANCE VARIATION PARAMETERS (Steps 106, 
108 : 

Ti) account for nonlinearity in bridge impedance over 
temperature, a corrected temperature estimate, Tm", is 
derived. Such corrected temperature is de?ned as a function 
of corrected bridge impedance, where corrected bridge 
impedance is taken as a percent of the mid-range tempera 
ture bridge impedance. Impedance variation parameters k, 
de?ne the relationship between corrected temperature and 
corrected bridge impedance. 

where 

kIr-impedance error parameters; and 
A=corrected bridge impedance as a percent of the mid 

range (i.e., 25° C.) impedance. 
Corrected bridge impedance, Z360” is derived from the 
following equation: 

As discussed above, Z8, is derived from equation [I for each 
known temperature, known pressure data set. Such derived 
ZB then is corrected based upon the bridge impedance at the 
mid-range temperature and full scale pressure (ZB(25° 
C.,P,,m)), the bridge impedance at the mid-range tempera 
ture and zero-scale pressure ZB(25° C.,Pm,-,,), the full scale 
pressure (Pmw), and the estimated pressure (p). The value 
for [ZB(25° C.,Pm)~ZB(25° C.,P,,,,-,,)} is stored as calibra 
tion parameter A(ZO). 

’ Estimated pressure is derived from equation V using the 
multiplier and offset parameters, In and b, and the L of 
equation I for the same T and P as the impedance being 
corrected ZB. As a result, there is a set of corrected bridge 
impedances, ZB(T,P). Each corrected bridge impedance then 
is de?ned as a percent of the mid-range temperature bridge 
impedance as follows: 

where 

ZBO=bridge impedance at mid-range temperature (i.e., 25° 
C.) (Step 106) 

Thus, there is a set of corrected bridge impedances, A(T,P), 
de?ned as a percent of mid-range temperature bridge imped 
ance. The impedance variation parameters then can be 
derived from equation HI. 

Tm=k2A2+k1A+ko (vrn) 

More speci?cally, the k,- pararneters are derived by applying 
a least squares ?t of the set of A(T,P) values and Ta," values 
for Tm,r equal to the known temperature, T. 
SPAN ERROR PARAMETERS (Step 110): 
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10 
Span error is the variation in current normalized voltage, 

L, not accounted for in the temperature offset error. More 
speci?cally, it is the error in L which varies with pressure as 
a function of temperature. 

0247):‘:2 T2+a1T+ao (IX) 

To derive the parameters, a,-, span error, one, is derived at each 
test temperature as a shift from the one at T=25° C. 

M. PM.) - L(T. Pm) (IX'A) 

m 
Span errors at each T then are derived as ote(T)= 0t,_,(25° 

C.)+0t,_, shift (T) . The derived span errors and known 
temperatures then are used to de?ne the parameters a,- of 
equation IX. Such parameters are de?ned according to a 
least squares ?t of the data. 
CORRECTED PRESSURE PARAMETERS (Step 112): 

Corrected pressure is derived from: 

From the environmental controls set during calibration the 
corrected pressure is to be the known environmental pres 
sure. Speci?cally, from calibration data at 25° C. a known 
pressure is applied and current-normalized voltage, L(T= 
25), is measured. The result is a pressure vs. L characteristic. 
Ideally the characteristic is a straight line. Actually, errors 
occur on the order of 0.1% PS0 causing the characteristic to 
vary from the ideal. By using a third order polynomial to 
derive corrected pressure, a third-order correction is pos 
sible. 
With Pa,” known, L6,," is derived as follows then 

plugged into the corrected pressure equation: 

where S(25) is the one-half-temperature-range span in the 
current-normalized voltage; i.e., calculated as L(T=25,P= 
Pm)—L(T=25,P=Pm,-,,) at Step 106. 

In the ?eld, a measured L at a temperature T is mapped to 
the L that it would be at 25° C. to achieve LCM. This La," 
is then used with the pressure parameters p to calculate a 
corrected pressure, Pam. 
STORED CALIBRATION PARAMETER SET: 
From the above derivations, the following calibration 

parameters are derived and stored: 

1. Pressure range 8. b0 15. A(ZO) 
2. offset, b 9. b1 16. 0t 
3. 8(25) 10. b2 17. po 
4. R 11. k0 18. pl 
5. a0 12. k1 19. pz 
6. a1 13. k2 20. pa 
7. a2 14. ZBo 

During calibration of an individual sensor 10 having an 
operating temperature range of 0° C. to 50° C. and a pressure 
range of 0 psi to 5 psi, the following parameter set was 
derived: 

1 P range = 5 8. b0 = 0.4901 15. M20) = -19 
2 b = -1.ss9 9. b, = —o.0090s 16. a = 0.21 
3 son = 58.583 10. b2 = -.00o4207 17. p0 = 0.1602 
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-continued 

5. a0 = 0.4321 12. k1 = 4.6860 19. p, = 
6. a1 = -—0.03103 13. k2 = —0.04410 9.6369 X 10’6 
7. a2 = 0.0005675 14. Z80 = 4239 20. p3 = 0 

A source code listing of the calibration program 90 is 
listed in Appendix A. 

Pressure Measurement and Compensation 
Once a sensor 10 has been calibrated it is able to yield 

increased accuracy during ?eld operations. As shown in 
FIG. 3 the sensor 10 is connected to a ?eld data logger 16. 
The calibration parameters are downloaded into the ?eld 
data logger 16 for use during pressure measurement and 
compensation. The sensor 10 then is exposed to a ?eld 
environment to capture pressure samples, or more speci? 
cally, to capture output voltage, V0, samples for use in 
deriving pressure samples. A voltage sample occurring 
across normalizing resistor, RS, also is captured. 

FIG. 8 shows a ?ow chart of the compensation program 
120 which converts the pair of sampled voltages into a 
pressure measurement. At step 122 a sample is taken by 
capturing voltages, V0 and VR. At step 124 current normal 
ized voltage, L, and bridge impedance, ZB are calculated, 
according to the following equations: 

(XI) 

(X11) 

where 

Vo=measured output voltage; 
V R=measured voltage across resistor RS; and 
R=resistance of RS. 

For a given sample, ?rst-pass temperature and ?rst-pass 
pressure estimates are derived, then used to generate cor 
rected impedance and corrected current normalized voltage 
values. A corrected pressure value then is derived from the 
corrected current normalized voltage. 
FIRST PASS TEMPERATURE ESTIMATE-T, (Step 
126): . 

At step 126, the ?rst pass temperature estimate is deter 
mined according to equation XIII: 

T.=[100 28/ I! ZBo]+[T,,..-r(100/u)] (XIII) 

where 

ot=a constant, (i.e., temperature coe?icient of bridge resis 
tance); 

Tmid=mid~range temperature (i.e., 25° C.); 
ZB0=bridge impedance at Tmid (determined during cali 

bration and stored for recall here); and 
ZB=bridge impedance calculated at equation XII. 
The ?rst-pass temperature estimate is used to determine a 

?rst-pass temperature o?’set error, which in turn is used to 
determine the ?rst-pass pressure estimate. 
FIRST PASS PRESSURE ESTIMATE-{Step 128): 
At step 128, the ?rst pass pressure estimate is determined 

according to equation XIV: 

where 

m=voltage multiplier parameter (Eqn. VI); 
L1=adjusted current normalized voltage; and 
b=voltage offset parameter (Eqn. VII). 

L1 is the current normalized voltage, L, adjusted based upon 
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12 
a ?rst-pass estimate of the temperature oifset error. The ?rst 
pass-estimate of temperature offset error is de?ned by equa 
tion XV: 

B:I[(T:)=b2T¢2+b1r+b0 (Xv) 

where 

b,=stored temperature offset error calibration parameters; 
and 

Te=?rst pass estimated temperature (Eqn. XIII). 
The adjusted current normalized voltage, L1, is de?ned by 
equation XVI: 

where 
L=calculated current normalized voltage (Eqn. XI); 
Be,(Te)=estimated temperature offset error (Eqn XV); and 
S(25)=mid-range temperature span in the normalized cur 

rent impedance; i.e., L(25)—L(0) stored during calibra 
tion. 1 

The ?rst-pass pressure estimate then is used to derive a 
corrected impedance and a corrected temperature. 
CORRECTED BRIDGE IMPEDANCE, ZBW, (Step 130): 

At step 130, the calculated bridge impedance, ZB, of 
equation XII is corrected using equation XVII: 

ZmrFZrWZu) (P/PmH (XVII) 

where 

ZB=calcuIated bridge impedance (Eqn. H); 
pe=estimated pressure (Eqn. XIV); 
Pmax=full scale pressure; and 
A(Zo)=a calibration parameter which is the bridge imped 

ance at the mid-range temperature and full scale pres 
sure minus the bridge impedance at the mid-range 
temperature and zero-scale pressure. 

CORRECTED TEMPERATURE, Tm” (Step 132): 
At step 132, a corrected temperature is derived based 

upon the corrected bridge impedance. First, the corrected 
bridge impedance is de?ned as a percent of thermid-range 
temperature bridge impedance using equation XVHI: 

where 

ZBo=bridge impedance at mid-range temperature stored 
during calibration; 

ZBCm=corrected bridge impedance (Eqn. XVII). 
Then, the corrected temperature is de?ned using equation 
)?X: 

where 

ki =calibration parameters. The corrected temperature 
then is used to determine a corrected current normal 
ized voltage. 

CORRECTED CURRENT NORMALIZED VOLTAGE 
Lcm (Step 134): , 
At step 134 the current normalized voltage, L, is cor 

rected. First, a temperature offset error, 138,680”), and a span 
error, ote(Tw,,), are de?ned for the corrected temperature 
using equations XX and XXI, respectively: 

where 
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b,=stored temperature oifset error calibration parameters; 
and 

Tcmr=corrected temperature (Eqn. XIX), and 

where 

a,=stored span error calibration parameters; and 
Tw?=corrected temperature (Eqn. XIX). 

Then, the current normalized voltage, L, is corrected for 
temperature offset error and span error using equation XXII: 

where 

L=current normalized voltage (Eqn. XI); 

S(25)=mid-range temperature span in the current normal 
ized voltage: (L(25)— L(0)) stored during calibration; 

pe=?rst pass estimated pressure (Eqn. XIV); 
Pmax=full scale pressure; and 
[5e(Tco,,)=temperature oifset error (Eqn. XX) 

CORRECTED PRESSURE—PC0,, (Step 136): 
At step 136, a corrected pressure value is derived from the 

corrected current normalized voltage using equation XIGII: 

where 

Pl=stored pressure calibration parameters; and 
Lcwr=corrected current normalized voltage (Eqn. XXII). 
By compensating for temperature offset error and span 

error using calibration parameters, ?rst‘ and second order 
variations in temperature offset error and span error are 
substantially eliminated. Accordingly, sensor 10 accuracy is 
substantially improved so as to yield error bands within 
approximately 0.03% of full scale pressure. 

Alternative Embodiments 
An electrical schematic diagram of an alternative mea 

suring apparatus embodiment 140 is shown in FIG. 9. 
Comparing the alternative embodiment 140 to the embodi 
ment 80 of FIG. 6, like parts are given like part numbers. 
According to the alternative embodiment, the compensation 
process is performed by a pressure sensor 10'. Referring to 
FIGS. 4, 6 and 9, the sensor 10' is similar to the sensor 10, 
but includes a resident processor 142, a series resistor R's, 
and excitation control circuitry 144. The processor 142 
preferably is an 8-bit microprocessor, although a 4-bit 
processor or larger processors may be used. Memory (not 
shown) also is included for storing the compensation pro 
gram 120 and the calibration parameters. R’ S serves the same 
function as resistor R5 of FIG. 6, but is located within sensor 
10' instead of being connected between the sensor 10 and 
data logger 12, 16. Excitation control circuitry 144 supplies 
a voltage signal corresponding to VS. Circuit power may be 
provided from the logger or internally according to altema 
tive embodiments. 
The compensation program 140 is stored in memory 

within the sensor 10‘. During ?eld operation, the program 
140 is executed. Processor 142 captures the output voltage, 
V0, sample and the resistor voltage, VR, sample, then 
computes the corrected pressure according to the compen 
sation program 140, shown in FIG. 8. The corrected pressure 
is output to the ?eld data logger 16 for storage, display 
and/or printout. 
To calibrate the sensor 10‘ a signal is sent from the data 
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14 
logger 12 to the sensor 10' to indicate that the processor 142 
should operate in a calibration mode. During calibration 
mode, the processor 142 simply forwards the output voltage, 
V0, and resistor voltage, VR, to the logger 12’s controller 86. 
Controller 86 executes the calibration program 80 as previ 
ously described with respect to FIG. 7. After the calibration 
data samples are captured, the controller 86 derives the 
calibration parameters, then downloads the parameters to the 
sensor 10'. Sensor 10' stores the parameters in memory for 
access during ?eld operations. According to one embodi 
ment, an SDI-12 interface is implemented between the 
sensor 10‘ and data loggers 12 and 16. 

FIG. 10 shows an overview of the improved pressure 
measuring process for the sensor 10‘ embodiment of FIG. 9. 
At step 150, sensor 10‘ is calibrated with calibration param 
eters being downloaded into sensor 10' memory. At step 152, 
the sensor 10' captures ?eld data. At step 154, the ?eld data 
is processed to derive a pressure signal. Such pressure signal 
has an error band approximating 0.03% of full scale pres 
sure. 

According to another embodiment, the processor 142 also 
executes the calibration program. During calibration, the 
logger downloads pressure and temperature data to the 
sensor 10'. Processor 142 then derives and stores the cali 
bration parameters from the downloaded data and measured 
data. 

Problem and Means for Solving Problem 
The pressure measuring apparatus of this invention 

addresses the problems of temperature-induced errors occur 
ring in strain-gauge pressure transducers. In particular, non 
linear temperature offset errors and a non-linear span errors 
occur in a strain gauge as a function of temperature and 
pressure. Another problem is that compensation schemes 
tailored for a class of devices do not account for individual 
differences in material and workmanship. 
To address the temperature oifset error and span error 

problems a dynamic digital compensation scheme is imple 
mented. To address the variations occurring from device to 
device, a calibration scheme is implemented which custom 
izes a set of parameters used during compensation. 
A processor is included within the pressure measuring 

apparatus of this invention to execute a calibration program 
and a compensation program. During calibration a set of 
parameters is de?ned. The set then is downloaded to a 
memory accessible by the compensation program’s proces 
sor. During ?eld operation, a raw data sample is processed 
to yield a compensated pressure measurement within an 
error band of approximately 0.03% FSO. In one embodi 
ment, the compensation program processor is part of a 
pressure sensor. The sensor derives the compensated pres 
sure measurement and outputs the value to a data logger. In 
another embodiment, the compensation program processor 
is part of a data logger. The pressure sensor sends the raw 
data sample to the data logger, which then generates the 
compensated pressure measurement. In one embodiment the 
calibration program is executed by a processor in the data 
logger. In another embodiment the calibration program is 
executed by a processor in the sensor. 

Meritorious and Advantageous Effects 
One meritorious and advantageous effect of the invention 

is that a relatively inexpensive strain gauge can be adapted 
to substantially reduce its error band from approximately 1% 
to approximately 0.03%. The increased accuracy enables 
strain gauge technology to be used in many high-accuracy 
applications previously served by more expensive technolo 
gres. 

Another advantageous effect is that temperature measure 
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ments are obtained from the bridge structure without the 
need of additional temperature sensors, additional signal 
conditioning or additional calibration. 

Although a preferred embodiment of the invention has 
been illustrated and described, various alternatives, modi? 
cations and equivalents may be used. For example, although 
a method employing a constant-voltage excitation signal is 
described, the invention alternatively may use a constant 

16 
current excitation signal. Also, although the embodiments 
are described for a speci?c temperature range and pressure 
range, such ranges may vary. The resistance values of the 
components may vary. Further, although a silicon diaphragm 
is disclosed, other diaphragm materials may be used. There 
fore, the foregoing description should not be taken as 
limiting the scope of the inventions which are de?ned by the 
appended claims. 
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Appendix A 

CALIBRATION COMPUTER PROGRAM LISTING 

@ 1994, Instrumentation Northwest, Inc. 

(Unpublished) 



5 ,460,049 
19 20 

PREPRODUCTION VERSION JANUARY 1994 

/*******Ik********Il=*******#Wbk*******¥*******#*'l=****$********#**Ik******** 

PROGRAM E.C 

VERSION 1.0 

This is the ?rst version ot‘the program to characterize the 9104(5) 

transducers over temperature and pressure. This program will use the 

digital I/O card (ref: DIO.C) to control pressure from a dedicated 

deadweight tester to the manifold. The DAC will be buffered and used 

to set the excitation level for the transducers ref (playLc, play2.c 

and play3.e). 

Mux 0 contains channels 0 - 31. Channel 0 is dedicated temperature 

measurement. Channels 1 through 3] are used for PS-9000 4 ~20 mA measurement 

using 47.5 Ohm resistors. 

Mux 1 contains channels 32 - 63. Channel 32 is dedicated to measuring the 

excitation levels for the PS-9l02/PS-9l04 power bus. Channels 33 ~ 63 are 

used to measure the differential output voltage for PS-9l04 testing and will 

also be used for PS-9l02 output voltage. In the case of the PS-9l04, 

the negative excitation leads will be routed to Mux 2 for series resistor 

measurements. 

Mux 2 contains channels 64 - 95. This is used for the series resistors for 

PS-9104 testing. Channel 33 corresponds to channel 64, 34 to 65 and so on. 

This gives an i, i+3l relationship for signal processing. 

It should be noted that a version 1.1 PS-9l02 test program has been written 

but not yet used as a production standard. The DAC excitation technique 

should be incorporated into an upgraded version of this so?ware to 

eliminate potential supply contention problems. 



5,460,049 
21 22 

PREPRODUCTION VERSION JANUARY 1994 

DAC 0 will be used to set the excitation level. This will be bu?ered and 

sent to the PS-9l02/PS-9l04(5) power bus. See program PLAY3.C for an 

example of simultaneous ND and D/A operation. Channel 32, on Mux I. will 

monitor the voltage at the power bus. 

The pressure control signal will be generated using the D128]? digital l/O 

card. Speci?cally, port 0, bit 0 will be utilized for pressure control. 

A comparator (preferably with hysteresis) will be utilized to aceomodate 

the power-up uncertanty levels on the outputs. See Program Dl0.C for 

additional documentation and an example of initialization and manipulation 

of this device. The manifold will be either vented to atmoshpere or connected 

to the deadweight tester output. 

The DT2817 is con?gured as» follows: 

CONTROL REGISTER: 228B 

PORT 0: 229H 

PORT l: 22AH 

PORT 2: 22BH 

PORT 3: 22CH 

Port 0 will be con?gured for output and the remeining ports will be 

con?gured for input to reduce hardware damage risk. 

****#**********#******#***##****#***t$*llll‘lllllllhl?tnhlilbklt*****#**************/ 

#include <stdio.h> 
#include <time.h> 
#include <string.h> 
#include <math.h> 

char *driver_name = "DT283X$0"; 
int unit = 0; 

int i, m, n, p, q; 
int *iptr; 
int istat; 
int num_ducers; 
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int handle; 
int DA_SECT ION; 
long data_value[2]; l“ DAC output values“! 
int tcmp_data, vs_data‘ vo_data, vr_data; /* ADC input values *1 
int temp_channel, vo_channel, vs__cltannel, vr_channel; 
int temp_gain, vo__gain, vs _gain. vr_gain; 
int scan_countcr; 

int time_to_scan; 
int time_to_log; 
int running; 
int ?rst_log; 

long timeval, time_val l , time_val2; 
long *tval lptr; /* points to time_vall */ 
long *tvalZptr; /* points to time__val2 */ 
long *limer', /* timer points to timeval */ 
long timcistart; 
long *tstartptr; I“ points to time__start */ 
long time_lasl_log; 
long time_lasl_scan; 
long limctcmp; 

?oat temp_voltage, ave_temp_voltage; 
?oat vo_voltage, ave_vo; 
?oat vr_voltage, ave_vr; 
?oat vs_voltage, ave?vs; 
?oat temperature; 
?oat temp_galn_factor, vs_gain_factor, vo_gain*factor; 
?oat vr__gain_factor; 
?oat vo[33], vr[33], vs; 

char data__?le[l6]; 
char *joe; 
char timestu?l30]; 
char *chptr; 
char 0, (1; 
char junk; 

double seconds; 
double minutes; 

FILE *snptr; 
F lLE *fptr; 

struct dude 

int sing__chan; 
int sing_gain; 
int sing_dacs; 
} Sal; 

slruct dude ness 
























































